We examined the half-life and biological activity of two single-chain proteins that combined portions of ovine FSH and LH. We proposed the hypothesis that these chimeric proteins would display LH and FSH activities and would promote follicle maturation in ewes. Estrus activity was synchronized using progestogen-impregnated vaginal pessaries. To negate the impact of endogenous LH and FSH, animals received serum-containing antibodies against GNRH 1 day before pessary removal (PR). At PR sheep (five animals per group) received a single injection (10 IU/kg, i.v.) of either the ovine-based (oFcLca) gonadotropin analog, an ovine-based analog containing oLHb truncated at the carboxyl terminus (oFcL(DT)ca), or a human-based gonadotropin analog (hFcLca). Control animals received a comparable amount of gonadotropin-free protein. Ovulation was induced 3 days after PR using human chorionic gonadotropin (1000 IU, i.v.). Ovaries were collected 11 days after PR. Neither estradiol (E 2 ) or progesterone (P 4 ) production, development of preovulatory follicles or corpora lutea (CL) were noted in control animals receiving gonadotropin-free protein. Significant increase in the synthesis of E 2 and P 4 was noted in sheep receiving the dually active gonadotropin analogs. The number of CLs present 11 days after PR was significantly increased in sheep receiving the chimeric glycoproteins compared with control animals. The magnitude of the secretory and ovarian responses did not differ between hFcLca and oFcLca or between oFcLca and oFcL(DT)ca. Immunoactivity of LH and FSH was low in control animals, but was significantly elevated in sheep receiving the gonadotropin analogs. In conclusion, ovine-based gonadotropin analogs are functionally active in sheep and a single injection is adequate to induce the development of multiple ovulatory follicles.
Introduction
Exogenous gonadotropins are commonly used to treat reproductive disorders, induce ovulation during the anestrus season, advance puberty, and/or facilitate superovulation and estrus synchronization. The gonadotropin preparations most often used by animal producers are equine chorionic gonadotropin (eCG) or human chorionic gonadotropin (hCG) and luteinizing hormone (LH) and follicle-stimulating hormone (FSH) of porcine or ovine origin. Several investigators have noted that the potency and purity of tissue-derived gonadotropins can vary extensively from batch to batch (Kanitz et al. 2002) . For example, the FSH activity of eCG varies dramatically with the stage of pregnancy of the donor mares. The functional life of exogenous gonadotropins also varies widely. In general, placental gonadotropins are long acting while pituitary-derived gonadotropins have a relatively short duration of response. In addition, tissue-derived gonadotropin preparations may harbor pathogenic agents and, as a consequence, may be vectors for infectious diseases (Galli et al. 2003) .
Gonadotropins produced by appropriately transfected cells in culture obviate many of the concerns associated with tissue-derived gonadotropins. Recent technical innovations by Boime et al. (Kanda et al. 1999 ) have further enhanced the efficacy of recombinant gonadotropins by generating single-chain variants that incorporate multiple subunit domains into a singular peptide chain. Our previous work demonstrated that the singlechain analogs of human LH and human FSH were active in sheep. We also demonstrated that a multicomponent construct that included LH and FSH subunit domains in the single-chain motif expressed dual activity (LH and FSH activities) in sheep (Lemke et al. 2008) . The subunit domains in the single-chain constructs are combined using a linker sequence encoding the carboxy-terminal portion (CTP) of hCGb. Incorporation of the CTP domain into chimeric gonadotropin analogs extends the functional life of the hormone (Bouloux et al. 2001 ). In addition, production of single-polypeptide chain gonadotropins eliminates the need for subunit dimerization, a rate-limiting step in synthesis of endogenous gonadotropin (Sugahara et al. 1996) .
Follicle growth and ovulation depends on the coordinated action of FSH and LH, with supplemental FSH playing a critical role in rescuing subordinate follicles from atresia and, therefore FSH activity is essential for superovulation. The coordinated and synchronized nature of the actions of LH and FSH in the maturation of follicles suggests that it may be advantageous to incorporate both activities into a single molecule. However, the relative proportion of LH and FSH activities in gonadotropin preparations with dual activity can affect ovarian response. Indeed, high LH content in FSH preparations may cause premature luteinization of developing follicles (Opavsky & Armstrong 1989) or improperly timed ovulation (Callesen et al. 1987) . Thus, the relative levels of LH and FSH activities in single-chain analogs with dual activity may significantly affect the number and viability of oocytes released at ovulation. The work of Garcia-Campayo & Boime (2001) suggests that the heptapeptide truncation decreases LH activity without altering the FSH activity of dually active gonadotropin analogs. In addition, the truncation appears to markedly enhance the level of expression of the gonadotropin analogs in transfected Chinese hamster ovary (CHO) cells and, therefore, has the added practical benefit of improving yield and production efficiency.
Long-lived exogenous gonadotropins, such as hCG and eCG, often induce an immune reaction that may reduce the ovarian response of animals subject to repeated superovulatory protocols (Roy et al. 1999 , Giordano et al. 2012 . Recombinant human-based single-chain gonadotropin analogs may elicit a similar immune reaction when administered to sheep or other domestic species. Therefore, it would be advantageous to use dually active single-chain gonadotropin analogs based on the sequence of the ovine gonadotropin subunits to reduce the potential for development of neutralizing antibodies by developing.
To evaluate the role that the FSH:LH activity ratio might have on the ovulatory response in sheep, we compared the superovulatory potential of two versions of the ovine-based dually active gonadotropin analogs. One single-chain dually active analog contained the fulllength forms of the ovine FSH and LHa subunit and FSH and LHb subunit, while the second contained a truncated form of oLHb that lacked the C-terminal heptapeptide sequence. The second objective of this study was to determine the half-life of these dually active ovine-based chimeric gonadotropins. We proposed the hypothesis that a single-chain gonadotropin incorporating the functional domains of the ovine gonadotropin subunits would have both LH and FSH activities in sheep and induce follicular development and maturation and estradiol (E 2 ) production. The truncated oLHb subunit would display a lower LH activity, but a full FSH activity, when compared with dually active constructs that contained unabridged oLHb. We also hypothesized that the functional life of the ovine single-chain gonadotropins would be enhanced relative to pituitaryderived ovine gonadotropins.
Materials and methods

Construction of single-chain gonadotropins and cell culture
The single-chain gonadotropins were produced by transfecting CHO cells with gene constructs encoding the recombinant gonadotropins as described previously (Garcia-Campayo & Boime 2001) . The ovine (oFSHb-CTP-oLHb-CTP-a; oFcLca), human (hFSHb-CTP-hLHb-CTP-a; hFcLca), and the truncated ovine single-chain gonadotropins with FSH and LH activity (oFSHb-CTP-oLHb(DT)-CTP-a; oFcL(DT)ca) were constructed as described previously (Kanda et al. 1999 , Garcia-Campayo & Boime 2001 . Briefly, genomic sequences encoding the LHa-FSHa and LHb-FSHb subunits are linked using the exon encoding the CTP of hCGb. The gene construct for the truncated gonadotropin, oFcL(DT)ca, encodes the complete oFSHa and oFSHb subunit sequences and the oLHb subunit lacking the carboxyl-terminal heptapeptide (Garcia-Campayo & Boime 2001).
Transfected CHO cells were grown to confluency and the medium was collected and concentrated by centrifugation using an Amicon concentrator (Centricon Plus-70, Millipore Corp., Billerica, MA, USA). Human and ovine recombinant single-chain gonadotropin concentrations were measured using species-specific RIAs.
Animals
All experimental procedures involving the use of animals were conducted in accordance with NIH guidelines and were reviewed and approved by the Animal Use and Care Administrative Advisory Committee for the University of California, Davis. The study was conducted in late spring and early summer, a period when sheep at this latitude (388 N) are in seasonal anestrus. Ewes were housed in an open sided barn with free access to alfalfa pellets and water.
Cannulation
One day before hormone administration, a polyethylene cannula (Intramedic PE 190, Clay Adams, Parsippany, NJ, USA) was inserted in the external jugular vein to facilitate hormone administration and blood collection. Tygon tubing was used as a protective sheath and the cannula and protective tubing were extended along the animal halter and lead rope to the exterior of the animal holding area. Using the exteriorized cannula permitted sample administration and blood collection without disturbing or physically contacting the animals.
Immunization against gonadotropin-releasing hormone
Antibodies directed against gonadotropin-releasing hormone (GNRH) were generated by actively immunizing castrated male sheep against a GNRH-carrier protein conjugate as described previously (Adams & Adams 1986 ). The pool of anti-GNRH sera used in these studies had high antibody titer (0.1 ml serum diluted 1:60 000 bound 35% of 125 I-GNRH added in a final volume of 0.2 ml). Previous studies have demonstrated that the administration of GNRH antisera in the amounts used in this study blocks secretion of endogenous gonadotropins and prevents follicle development and ovulation (Sakurai et al. 1992 , Lemke et al. 2008 ).
Experimental design
The experimental design is illustrated in Fig. 1 . Twenty yearling black face ewes received progestogen-impregnated vaginal pessaries 10 days before experimentation. In order to eliminate the confounding effect of endogenous gonadotropins, animals were passively immunized against GNRH 24 h before pessary removal (PR). At PR, ewes (nZ5/group) were randomly assigned to receive an i.v. injection (10 IU/kg) of either the ovine-or human-based dually active gonadotropin analogs (oFcLca, oFcL(DT)ca, or hFcLca respectively). Control animals (nZ5) received a similar dose of protein isolated from conditioned media from nontransfected CHO cells. Ovulation was induced 72 h after PR using 1000 IU hCG (i.v.). Blood samples were collected before anti-GNRH injection and at 6 h-intervals during the 4-day-period following PR (day of PR is designated treatment day 0). Additional samples were collected every 12 h from days 4 to 8 and daily from days 8 to 10. The blood samples were allowed to clot at 4 8C for 24 h. Serum was collected after centrifugation and samples were stored at K20 8C for later analysis. Ewes were killed at a local abattoir and ovaries were collected 11 days after PR. Ovaries were weighted, and number and size of follicles and corpora lutea (CL) were recorded.
Hormone analysis
Serum concentrations of progesterone (P 4 ) and E 2 were determined using previously validated RIAs (Adams et al. 1988 , Sakurai et al. 1992 . Serum concentrations of oFSH and oLH were determined using a RIA previously validated in our laboratory (Adams et al. 1979) . The immunoactivity of hLH and hFSH in treated animals was determined using assay reagents obtained from the National Institute of Diabetes, Digestive and Kidney Diseases (NIDDKD). The hFSH RIA used NIDDK-hFSH-I-4 for the iodination and hFSH antiserum NIDDK-anti-hFSH-6. The hLH RIA used NIDDK-hLH-I-SIAFP-I and antiserum NIDDK-anti-hLH-3.
Statistical analysis
The rate of gonadotropin clearance was analyzed using nonlinear regression. The FSH and LH clearance data were fitted to the equation C(t)ZAe Kat , where C(t) is the serum concentration of hormone at time t, t is time (h), A is the multiexponential coefficient, and a is the disposition rate constant. The best-fit parameters were obtained using the R Statistical Package (R Development Core Team 2005). Half-life was calculated as T 1/2 Z(elapsed time!log 2)/log (beginning amount/ending amount).
Analysis of E 2 and P 4 was performed using a repeated measures analysis including the fixed effects of time, treatment, and their interaction and the random effect of animal nested within the treatment!time. Differences between treatments within a time were determined by a Bonferroni's adjustment of the probability of difference calculated by the PDIFF option of SAS (SAS for Windows, version 9.3, SAS Institute, Inc., Cary, NC, USA). Analyses of disposition rate constant, gonadotropin half-life, area under the E 2 peak, duration of elevated E 2 , time to the LH surge, and all ovarian measurements employed oneway ANOVA models with treatment as the sole fixed effect. Statistically significant differences between treatments were determined by t-test with the PDIFF option and Tukey's adjustment. Effects were considered to be significant when P value was %0.05. The mixed procedure in SAS was used to perform the statistical analyses described above. 
Results
Passive immunization against GNRH Anti-GNRH serum was used to suppress the secretion of endogenous gonadotropins. Antibody titer was expressed as the percentage of 125 I-GNRH bound to a 1:1000 dilution of serum. Anti-GNRH levels were high at PR (44.7% of 125 I-GNRH bound) and declined progressively thereafter. The level of anti-GNRH titer 10 days after PR was 25.6%. The antibody titer decreased gradually (PZ0.001) over the period of the study but did not differ among treatment groups (PZ0.48). The ability of anti-GNRH to suppress gonadotropin secretion and ovarian activity was demonstrated in the animals receiving conditioned media from nontransfected CHO cells (control group). Gonadotropin concentrations were maintained at basal levels during the period after PR (Fig. 2) . Serum E 2 concentrations did not increase in response to PR (Fig. 3) and P 4 concentrations were maintained at basal levels during the post-hCG period (Fig. 4) . In addition, no CLs or follicles larger than 4 mm were noted on the ovaries of these animals (Fig. 5) .
Clearance of the FSH and LH immunoactivities
To quantify the LH and FSH immunoactivities in the serum of sheep treated with anti-GNRH and the dually active human-or ovine-based gonadotropin analogs, we used species-specific LH and FSH RIAs. One important feature of these assay systems is that they use antibodies that recognize conformational epitopes that are unique to the ab configuration. As a consequence, these assays serve as a measure of the ability of the single chains to fold into quaternary structures that are dimer like. As noted in Fig. 2 serum concentrations of oLH and oFSH are depressed in sheep treated with anti-GNRH and a control protein devoid of LH or FSH activity. Conversely, significant LH and FSH immunoactivities was evident in sheep receiving the human-or ovine-based gonadotropin analogs. Gonadotropin immunoactivity was elevated within 6 h of analog administration. Although immunoactivity gradually declined during the postinjection period, LH and FSH immunoactivities remained significantly elevated above control levels, even 3 days after administration of the gonadotropin analogs (Fig. 2) .
A one-compartment model of clearance best describes the disappearance curves of LH and FSH immunoactivities. According to this model, the rate of clearance of LH immunoactivity of the human-and ovine-based gonadotropin analogs did not differ (Table 1) . Similarly, the rate of clearance of FSH immunoactivity did not differ between analogs. The mean half-life of LH was significantly longer (P!0.05) than the half-life of FSH immunoactivity (62.1 and 35.9 h respectively).
Follicular development and E 2 production
The effect of dually active single-chain gonadotropins on E 2 levels during the period after PR is illustrated in Fig. 3 . There was a highly significant effect (P!0.001) of the treatments on serum E 2 concentrations. E 2 concentrations were maintained at basal levels in ewe lambs receiving control protein devoid of gonadotropin activity. In contrast, E 2 levels increased within 2 days of administration of recombinant gonadotropin. As the animals were treated with anti-GNRH to block the secretion of endogenous gonadotropins, 1000 IU of hCG was used to trigger ovulation 3 days after gonadotropin treatment. Administration of hCG rapidly terminated the preovulatory rise of E 2 and the concentration of this hormone returned to basal levels 1 day after hCG treatment. A secondary, post-ovulatory increase in E 2 was observed in animals treated with oFcLca and oFcL(DT)ca (Fig. 3) . However, no such secondary increase in E 2 was noted in ewes receiving the humanbased gonadotropin analog (hFcLca).
As noted earlier, secretion of P 4 was maintained at low levels and no CLs were evident in control ewes receiving anti-GNRH and gonadotropin-free protein (control group). Conversely, secretion of P 4 was significantly increased during the post-hCG period in all ewes receiving the single-chain gonadotropin constructs (Fig. 4) . Similarly, multiple CLs were evident on the ovaries of ewes receiving the gonadotropin analogs. These results demonstrate that single-chain gonadotropins promote follicular development and maturation and the LH surge simulated by hCG-induced ovulation and formation of CLs in yearling ewes.
Trophic ovarian response
The results above demonstrated the activity of the singlechain gonadotropins on ovarian steroidogenesis and follicular development. The in vivo activity of the single-chain gonadotropins could also be measured by its trophic effect on the ovaries. As illustrated in Fig. 5 , the final ovarian weight in animals treated with singlechain gonadotropins was significantly greater (P!0.05) than the ovarian weight noted in control animals. The number of follicles O4 mm at 11 days post-PR was also increased (P!0.05) in ewes treated with hFcLca, oFcLca, and oFcL(DT)ca compared with the control group (meanGS.E.M.: 3.0G1.3, 3.4G1.4, 4.2G1.6, and 0.0G0.0 respectively). However, there was no significant difference in the number of these follicles between single-chain gonadotropin analogs. The augmentation of ovarian weight in the animals receiving gonadotropins can be attributed to the increase in number of CLs and a considerable increase in the number of large follicles.
Discussion
The data presented here demonstrate that the recombinant single-chain form of the ovine gonadotropic hormones has high potency in sheep and expresses both LH and FSH activities. In addition, we have demonstrated that these gonadotropin analogs are long lived and a single administration is sufficient to promote development and maturation of multiple follicles. Endogenous gonadotropins are key regulators of ovarian function and exogenous gonadotropins are often used in assisted reproductive technologies to facilitate the propagation of animals with superior phenotypic traits or outstanding genetic potential. The dual activity and long-lived nature of the chimeric gonadotropins used in this study indicate that ovine Our previous studies have demonstrated that the single-chain analogs of human LH and FSH have a lengthy functional life in sheep and are much longer lived in sheep than ovine LH and FSH obtained from pituitary tissue (Rodriguez & Adams, unpublished observations). Our findings regarding gonadotropin clearance demonstrate that the single-chain gonadotropin constructs with dual activity are extraordinarily long lived in sheep. Importantly, both the ovine-and human-based dually active analogs exhibited this longlived character. According to the one-compartment clearance model used in our calculations, the half-lives of the FSH immunoactivity of oFcLca, oFcL(DT)ca, and hFcLca were 42.0, 37.0, and 28.8 h respectively. While the half-life of the LH immunoactivity for the same constructs was 64.1, 64.0, and 58.3 h respectively. In comparison, the published estimates of clearance of pituitary-derived ovine FSH and LH in sheep are 102 and 43 min respectively (Akbar et al. 1974) . The long-lived nature of the recombinant gonadotropin analogs used in this study is likely due, in large part, to the addition of the CTP linker sequence. Indeed, Devroey et al. (2004) reported that adding the CTP to the b subunit of recombinant FSH increased its half-life two-to threefold. The size and extensive O-linked glycosylation that is characteristic of the CTP is thought to retard hepatic and renal clearance (Matzuk et al. 1990 ). The longevity of the single-chain constructs has important practical implications, because a single injection of these potent analogs will induce a profound superovulatory response. In contrast, conventional pituitary-derived gonadotropins must be administered repeatedly over a 2-3 days period to elicit a comparable ovarian response (Takagi et al. 2001 ). E 2 production is a useful measure of the coordinated and combined action of FSH and LH. LH stimulates the production of androgens, such as androstenedione and testosterone, by thecal cells (Nahum et al. 1995) while FSH is mainly responsible for the activation of aromatase, the enzyme in the granulosa cells that converts androgens to estrogens. In an anti-GNRH sheep model, similar to the one used in our studies, Lemke et al. (2008) demonstrated that the single-chain gonadotropins with hFSH activity promoted follicular growth but not E 2 production. Conversely, single-chain gonadotropins with LH activity did not induce follicular growth or E 2 production (Lemke et al. 2008) . However, concurrent treatment with single-chain analogs of both hLH and hFSH resulted in a marked increase in E 2 secretion. These observations demonstrate that FSH alone induces follicle development, but the synergy between FSH and LH is necessary for E 2 synthesis.
The P 4 and E 2 response to the single-chain gonadotropin analogs observed in our study was lower than the response observed by Lemke et al. (2008) . This discrepancy can be explained by the season when these animals received single-chain gonadotropins. In the study by Lemke et al. (2008) , ewes were treated during late fall and early winter when reproduction is at its maximum. In our study, in order to test whether these chimeric gonadotropins would be able to promote follicular development and E 2 production in ewes in anestrus, chimera administration was conducted during late spring and early summer when sheep at this latitude (388 N) are in seasonal anestrus. This may also explain the fact that Lemke et al. observed: a more pronounced E 2 production in ewes treated with dually active chimeric gonadotropins and increased numbers of CL and ovarian weight. The administration of highly purified porcine pituitary extract to ewes in the breeding season significantly increases the number of recovered embryos than that during the nonbreeding season (Cueto et al. 2011 ). In addition, the effect of season on the ovulatory response of ewes treated with pregnant mare serum is lowest in the spring and highest in the fall (Gherardi & Lindsay 1980 ). In our model, ewes treated with GNRH anti-sera were used to test the efficacy of ovine single-chain gonadotropins on ovarian activity. We found that the singlechain ovine gonadotropin analogs with dual activity were as potent as the comparable human-based analog in induction of follicular development and maturation, E 2 production, and CL formation. In addition, the apparent bioactivity of the full-length and truncated versions of the ovine gonadotropin analogs was comparable, both in terms of superovulatory potential and with regard to levels of preovulatory E 2 production. An interesting aspect of the hormonal response in the animals receiving the ovine-based analogs was the occurrence of a secondary post-ovulatory E 2 surge. It has been reported that atretic follicles do not produce significant amounts of E 2 and that they cannot respond to (McNatty et al. 1982) ; therefore, this is probably a result of the maturation of a second cohort of follicles after ovulation induced by the long-lived FSH and LH activities of the single-chain gonadotropins. Similar postovulatory surges of E 2 are evident in cattle in which superovulation was induced by use of eCG (Kaneko et al. 1992) . We also noted a similar post-ovulatory rise in E 2 in sheep treated with dually active human gonadotropin analogs (Lemke et al. 2008) .
Collectively, these data demonstrate that the singlechain analogs of the ovine gonadotropins are active in sheep. The superovulatory response effected by the ovine chimeric gonadotropin hormones is a clear illustration of their FSH activity, and their ability to increase E 2 production is a good evidence that the analogs express LH activity as well. The slow rate of clearance of these chimeric hormones gives them a long functional life and obviates the repetitive administration of FSH that is characteristic of most superovulation protocols. In addition, use of the analogs with dual activity assures concurrent activation of LH and FSH receptors in ovulatory follicles and facilitates the follicular secretion of E 2 required to induce ovulation. Dually active chimeric gonadotropins built on the ovine gonadotropin framework are less likely to induce an immune response in sheep, a feature of the ovine-based constructs that may permit their repeated use. Indeed, the purity, production efficiency, longevity, and dual activity of the single-chain ovine gonadotropin analogs makes these unique recombinant gonadotropins an effective alternative to placental or pituitary-derived gonadotropins in assisted reproductive technologies.
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